Nitrofuranos são antibacterianos proibidos na criação de animais por diferentes países devido a sua relação com a produção de metabolitos carcinogênicos. Vários trabalhos de pesquisa têm sido desenvolvidos para encontrar a melhor metodologia que possa identificar esses resíduos. O presente trabalho de revisão teve como objetivos mostrar o risco dos metabolitos dos nitrofuranos (furazolidona, nitrofurazona, nitrofurantoina, furaltadona e nifursol); explicar a aplicação da cromatografia líquida e da espectrometria de massas para determinar a presença desses resíduos em alimentos de origem animal; e, finalmente, relatar algumas metodologias usadas recentemente em alimentos de origem animal.
INTRODUCTION
The use of nitrofurans in the farm industry has been banned in many countries around the world; this fact is especially owed to the risk of substantial residues in meat, milk, honey and others foods of animal origin (Fernández, 2004) . The presence of veterinary antibiotic residues and its associated harmful health effects on humans turns the analytical control of these drugs into an important mechanism to ensure consumer protection (Shankar et al., 2010) . Countries of the European Union have strictly regulated the use of veterinary drugs in food animal species, and some of them can be permitted only under specific circumstances (therapeutic purposes), but with the strict control and administration of a veterinarian specialist Reig, 2006; Toldrá, 2008) .
Sometimes, the identification of some drugs in foods is only possible through the presence of their metabolites, mostly presented in insignificant quantities. The chromatography associated with mass spectrometry is the best current method to detect and quantify the metabolites of nitrofurans (Finzi et al., 2005; Vass et al., 2008) . Nowadays, different studie have been conducted to improve this technique in food matrices. In this review, we showed the application of liquid chromatography coupled to mass spectrometry to determine the nitrofuran metabolites in different foods of animal origin.
Nitrofurans
The nitrofurans, nitrofurantoin (NFT), furazolidone (FZD), nitrofurazone (NFZ), nifursol (NFS) and furaltadone (FTD) are a particular group of veterinary antibiotics that used to be much used for poultry, swine and cattle, fish, shrimp and bee farms (Vass et al., 2008) . These antibiotics were used as feed additives for growth promotion, prophylactic and therapeutic treatment of bacterial and protozoan infections. These synthetic antibacterial drugs contain a characteristic 5-membered nitrofuran ring in their structure.
Nitrofurans are very effective to treat infections caused by bacteria and protozoa (by inhibiting glucose metabolism and ribosomal function). However, in 1995, the use of nitrofurans for livestock production was completely prohibited in the EU (Commission Regulation, 1995) due to concerns about the carcinogenicity of the drug residues and their potential harmful effects on human health (Vass et al., 2008) . This prohibition was quickly adopted by several countries, such as Australia, Japan, USA, Philippines and Thailand (Khong et al., 2004) .
In Brazil, the Normative Instruction n. 09 established the banishment for the use, fabrication, manipulation, commercialization and importation of nitrofurans and products that contain this group of antibiotics in the veterinary field. In that same year, the Brazilian Ministry of Agriculture added the nitrofuran metabolites in the National Program for Control of Residues and Contaminants in animal food products. (Brasil, 2003a, b) . These actions were established to avoid the exportation of contaminated food.
Since nitrofurans are quickly metabolized and have in vivo half-lives of only a few hours, they must be identified by their metabolites, which are highly stable. These compounds include 3-amino-2-oxazolidinone (AOZ), 3-amino-5-morpholinomethyl-2-oxazolidinone (AMOZ), 3,5-dinitro-salicylic acid hydrazine (DNSAH) semicarbazide (SEM), and 1-aminohydantoin (AHD) ( Table 1) .
Several studies have shown the potential mutagenicity effects of nitrofuran derivatives in bacterial and mammalian cells, which contributed with the inhibitions of DNA synthesis (Mccalla et al., 1971; Bryant; Mccalla, 1980) . One example of this mechanism was explained by Ona et al. (2009) . They proposed that the mutant gene uvrA, hypersensitive to nitrofurazone-induced DNA damage, can reduce its activity when this antibiotic is removed from the media. This condition reversed an inhibition of DNA synthesis by nitrofurazone.
According to Vass et al. (2008) , mutagenicity and toxicity of nitrofurans are not only related to their abuse in livestock production, but special attention has also been devoted to the toxicology of semicarbazide, which has been found in food produced from raw materials not subjected to nitrofurazone administration. Hoenicke et al. (2004) suggested that SEM detection in eggs and shrimp does not always come from the use of nitrofurazone in liverstock. The study showed that it is possible to form SEM after the use of hypochlorite commonly used in food processing for disinfection or bleaching.
Liquid chromatography-mass spectrometry
Most laboratories agree that the best method to identify nitrofuran metabolites is the system combining liquid chromatography (LC) with mass spectrometry (MS). This method allows the simultaneous screening-confirmatory technique of nitrofurans and substantially improves the reduction of time analysis Reig, 2006) . However, some reagents are suitable to particular animal food matrices and this could interact in different ways with the preparation steps to LC/ MS/MS. In 2003, the European Union established a minimum required performance limit (MRPL) of 1 mg/kg for the nitrofuran metabolites in poultry meat and aquaculture products (Mastovska, 2011) In the past, the LC analysis was employed for the analysis of antibiotic residues using two main detectors: ultraviolet (UV) and fluorescence detector (FLD), with derivatization agents. The development of atmospheric pressure ionization (API) interfaces (e.g., electrospray ionization and atmospheric pressure chemical ionization) enabled the increasing use of mass spectrometric detection. Currently, mass spectrometry plays an important role in the analysis of antibiotic residues due to its accuracy, sensitivity and speed (Niessen, 2010) . Tandem mass spectrometry (MS-MS) has emerged as the most advisable technique for regulatory purposes, not only because it constitutes the most powerful detection mode in the analysis of compounds at the required residue level, but also because it can be used as a confirmatory technique, since it provides unequivocal structural information. This technique includes some parameters associated with ionization sources, analyzers, and acquisition (Chen; Fang, 2011) .
Liquid Chromatography
This technique can be defined as a separation method in which the substances (nitrofurans) are injected in the LC system when the mobile phase (liquid solvent) carries the sample, which is separated in a stationary phase (chromatographic column). The chromatographic process occurs as a result of interaction and affinity during the movement of the analytes along the stationary phase (Niessen, 2010) . Figure 1 shows the main components of liquid chromatography.
Ionization resources
Since the MS detection is only possible when the antibiotics exist as ions in the gaseous state, the coupling of LC to MS requires the volatilization of these biomolecules from the LC eluent. Nowadays, the electrospray ionization (ESI) and the atmospheric pressure chemical ionization (APCI) are accepted as LC-MS interfaces. In ESI sources, charged droplets are formed by spraying the sample solution through a high voltage (2 -5 kV) capillary at the presence of a strong electric field. The charged droplets move toward the mass (Ardrey, 2003; Niessen, 2010 spectrometer inlet, generating analyte ions during evaporation and droplet fission. In APCI, a heated pneumatic probe is used for nebulization and a high voltage needle is used to produce a corona discharge for ionization of the evaporated solvent, reacting with the analyte.
Mass analyzer
The strength of mass spectrometry as a technique is that it can provide both the molecular weight of an analyte (the single most discriminating piece of information in structure elucidation) and information concerning the structure of the molecule involved. The ionization techniques that are mostly used for LC-MS, however, are called 'soft ionization', since they primarily produce molecular species with little fragmentation. It is unlikely that the molecular weight alone will allow a structural assignment to be made. Therefore, it is desirable to be able to generate structural information from such techniques (Ardrey, 2003; Niessen, 2010) .
The linear quadrupole mass analyser is the most used system in nitrofurans analyses. This analyser consists of four hyperbolic or cylindrical rods that are placed side by side in a radial array. Opposite rods are charged by a positive or negative direct-current (DC) potential at which an oscillating radiofrequency (RF) alternating-current voltage is superimposed. Ions are introduced into the quadrupole field and start to oscillate in a plane that is perpendicular to the quadrupole filter. Only the ions of one particular mass-to-charge ratio (m/z) follow stable trajectories. On the other hand, all of the other ions that do not have a stable trajectory will collide with the quadrupole rods and never reach the detector (Ardrey, 2003; Niessen, 2010) . The modern methods of ionization have poor ion fragmentation power. In these cases, it would be possible to use another quadrupole system to induced fragmentation by collision. This system, named triple quadrupole, can be observed in Fig. 2 .
Information from mass spectrometry A complete mass spectrum by determining the m/z ratios and relative numbers of each one of the ions is obtained. Information can be useful for identification purposes and for determining the amount of an analyte. According to Ardrey (2003) , the analyte identification is the result of the m/z ratios. This information is saved into the program and used to scan further spectrum. On the other hand, quantitation in mass spectrometry is no different from other techniques that compare the results with standards containing known amounts/ concentrations of analytes.
LC-MS/MS methodology used in foods of animal origin
Various sample preparation methods prior to the analysis have been reported for a large variety of matrices such as in animal feeds (Vass et al., 2008) . Considering the complexity of the matrix, the LC-MS/MS is adopted for this analysis. This method is suitable for foods of animal origin, such as aquatic products, muscles, tissues, and eggs (Chen; Fang, 2011) . A detailed methodology is briefly explained as follows:
• Materials: pure water, methanol, acetonitrile, ethyl acetate, dipotassium hydrogen phosphate trihydrate, formic acid, DMSO, 2-nitrobenzaldehyde (2-NBA), potassium phosphate dibasic (0.1 mol/L), HCl (0.1 mol/L), NaOH (1 mol/L). Table 2 .
Generally, the sample preparation procedure for the LC-MS analysis involves homogenization, acid hydrolysis, derivatization and extraction. Solvent extraction is a commonly used method for nitrofurans. There are two kinds of extraction procedures: solid phase extraction (SPE) and liquidliquid extraction (LLE) with ethyl acetate and LC-MS/MS analysis usually performed in food samples. Tissue bound nitrofuran metabolites are small molecular species which are usually derivatized with 2-NBA in order to increase molecular mass and improve the sensitivity of detection; when necessary, a cleaning step using a non-polar solvent such as hexane is used to remove lipids from sample before detection (Conneely et al., 2002; Vass et al., 2008) . Actually, is also important to develop methods with an easy, rapid, and lowcost sample preparation approach. This approach is known as QuEChERS, which stands for "quick, easy, cheap, effective, rugged, and safe" (Lehotay, 2011).
Before derivatisation, the release of bound metabolites from tissues is carried out under mildly acidic conditions (Fig. 3) . Sample preparation based on this approach provides data on the total amount (free and bound) of nitrofuran metabolites in the tissue. The resulting nitrophenyl (NP) derivatives of the respective metabolites are separated from a sample using various extraction methods (Vass et al., 2008) . According to references consulted in this review, it is very common to use the same methodology for nitrofuran metabolites in different matrices of food origin. Most of them try to improve the time of extraction, derivative reagent, limit of detection and others. Phongvivat (2004) showed the limits of nitrofuran metabolites established in some countries (Table 3) . Table 3 summarizes some methods performed in the principal food of animal origin. The reader realizes that all of them reported limits of detection and quantification that were lower than those required by these countries.
Shrimp
Several methods to determine nitrofuran residues in foods of animal origin have been developed. Lopez (2005) used a methodology to determine the bound residues of the nitrofuran drugs in shrimp. In this procedure, shrimp tail samples were prewashed with metanol hexane and ethyl acetate, followed by overnight acid hydrolysis (0.125 mM HCl), during which the side chains of the bound residues were released. Simultaneously, the residues were derivatized with 2-NBA. After liquid-liquid extraction cleanup, the derivatives were detected and quantitated using liquid chromatography-mass spectrometry/mass spectrometry (LC-MS/MS) with an atmospheric pressure chemical ionization interface. Results of validation showed limits of quantitation ranging from 0.1 to 0.5 ng/g for AOZ, SEM, AHD and Amoz. An et al. (2012) used a similar method including 16 hour of extraction with 0.125 mM HCl and ethyl acetate, derivatization with 2-NBA and analysis by LC-MS/MS in the atmospheric pressure chemical ionization mode. In this case, the limits of detection ranged from 0.05 to 0.2 ng/g for the same groups of metabolites. Chumanee et al. (2009) compared two kinds of detectors: diode array and mass spectrometry. They also tested a 2-naphthaldehyde (2-NTA), a new derivatizing reagent for the analysis of furazolidone, furaltadone, nitrofurazone, and nitrofurantoin metabolites in three commercial shrimps: giant freshwater shrimp (Macrobrachium resenbergii), white leg shrimp (Litopenaeus Vannamei) and giant tiger prawn (Penaeus monodon), purchased in Bangkok. The extraction was performed with a solution of 0.2 M HCl, 2-NTA, methanol and ethyl acetate. Limits of detection ranged between 0.1 -0.2 ng/g. In this research, the authors concluded that 2-naphthaldehyde and both detectors were suitable for derivative reagents and quantification of nitrofuran metabolites in shrimp samples.
Poultry
In poultry meat, Verdon et al. (2007) validated a method to detected five nitrofuran metabolites in turkey muscle with emphasis on DNSAH, metabolite of nifursol. The method showed the same steps for extraction (1 M HCl, methanol) and derivatization (2-NBA) to detect nitrofuran metabolites in food matrices. However, a change was proposed in incubation time, from 16 hours at 37ºC to 4 hours at 55ºC. This modification was interesting because no significant changes were reported in the samples tested and the same limits of detection (< 0.5 ng/g) were reported. These changes can easily be extended from turkey muscle tissue to other poultry species and also to other matrices, such as honey, whole egg and pork meat. In other study, Barbosa et al. (2011) studied the presence of furaltadone and nifursol and their metabolites applying the standard methodology (previously described in the LC-MS/MS section) in edible tissues (muscle, liver, and gizzards) of chickens after the administration of therapeutic and sub-therapeutic concentrations of both compounds. They concluded that the gizzard could be considered a selected matrix for nitrofuran residue evaluation in poultry due to its ability to retain both nitrofuran parent compounds and metabolites in higher concentrations, regardless of the administered dose or the suggested withdrawal time period.
The indirectly contamination of chicken meat products by additives have been reported in Brazil. Pereira et al. (2004) detected SEM in chicken meat samples. However, the origin of this metabolite was related to the flour used to coat the meat. For this reason, a study was conducted to trace possible sources of food contamination by SEM and several samples of commercial flours were positive for this metabolite. The contamination of SEM was associated to azodicarbonamide, drug that is used in the cereal industry as a flour improvement agent. These results demonstrate the need for developing detailed studies before the establishment of international analytical protocols for the residue analysis in processed animal food. NFZ and FTD for egg and poultry muscle. The sample cleanup was performed by a single liquid-liquid extraction step, after the hydrolysis (HCl) and derivatisation (2-NBA) process. Molecules were separated by liquid chromatography in a C18 column (100 mm × 2.1 mm, 4 µm) at room temperature. The quantitative and confirmatory determination of these metabolites was performed by multiple reaction monitoring (MRM). Limits of quantification of 0.5 ng/g were achieved and the total analysis was accomplished in 5 minutes. On the other hand, Mccracken; Kennedy (2007) validated a LC-MS/MS method to determine nitrofuran metabolites (AOZ, AMOZ, SEM and AHD) in eggshell, albumen and yolk. Althouhg all egg parts showed residues of nitrofurans, the eggshell could be the part with more relevant residues, specially with SEM, which showed a 50% of the total. They concluded that this may be a problem if eggshell products reached the consumer such as source of calcium.
Eggs

Milk
For dairy products, it is important to cite the work of . They used the same methodology explained with shrimp matrices. Briefly, overnight acid hydrolysis with HCl and simultaneous derivatization with 2-NBA were performed in milk of dairy cows. During hydrolysis, the bound metabolites were hydrolyzed to the side chains. After pH adjustment and solid-phase extraction cleanup, the derivatives were detected and quantitated using a liquid chromatography-tandem mass spectrometry system with an APCI interface. One important difference from the shrimp method was the use of hexane to complete the separation and to remove the ethyl acetate from the aqueous phases. Suitable limits of quantification (0.2 ng/g) were determined for this method.
Honey Lopez et al. (2007) showed that the same methodologies used by for milk could be useful to determine nitrofurans in honey. Another similar method for the simultaneous analysis of NFT, FZD, NFZ and FTD in honey samples was reported by Khong et al. (2004) ; it was only different by using the ESI interface. This method has been validated in honey according to the European Union criteria for the analysis of veterinary drug residues in food, and had been successfully applied in a survey of honeys of various geographical origins, showing that furazolidone is the main nitrofuran antibiotic administered to treat bacterial diseases of bees (Mccracken; Kennedy, 2007) .
Fish Chu et al. (2008) evaluated the depletion of the nitrofuran drugs furazolidone, nitrofurazone, furaltadone, and nitrofurantoin, and their tissue-bound metabolites (3-amino-2-oxazolidinone, semicarbazide, 3-amino-5-morpholinomethyl-2-oxazolidinone, and 1-aminohydantoin, respectively, in the muscle of channel catfish following oral dosing (1 mg/kg body weight). They concluded that parent drugs were rapidly eliminated from the muscle, and tissue concentrations fell below the limit of detection (1 ng/g) at 96 hours. Meanwhile, levels of tissue-bound metabolites were measurable for up to 56 post-dose days. These results support the use of tissue bound metabolites as target analytes for monitoring nitrofuran drugs in channel catfish.
Other meats Saari; Peltonen (2004) reported that semicarbazide can be detected in Finnish crayfish samples, but this crustaceans have bever been medicated with nitrofurazone. The researchers suggested that the origin of the semicarbazide is not clear, but one can rule out the illegal use of 5-nitrofurazone and the possible sample contamination with azodicarbonamide (ADC) during the sample handling and processing. Another hypothesis involves the route of formation and natural presence of SEM in crayfish, and they concluded the analysis with an interest question: is SEM formed while cooking crayfish or is it a natural constituent of this crustacean? On the other hand, an interesting approach using animal plasma (bovine, ovine, equine and porcine) in the detection of these metabolites had been developed and proposed as an alternative method for on-farm surveillance by Radovnikovic et al. (2011) .
CONCLUSION
The use of nitrofurans in livestock is banned in several countries, especially for being a risk for human health. This fact led to the creation of various agencies that monitor these residues in the food trade. Researchers all over the world try to focus their work on developing a simple, accurate and reliable methodology to determine the nitrofuran metabolites in different food matrices of animal origin (meat, milk, egg and honey). The review showed that most methodologies can be used for different foods only with changes in the time of hydrolysis and kind of ionization. Furthermore, LC-MS/MS is the most used technique because it can detect minimal values of these metabolites.
